A simple method for the purification of staphylococcal enterotoxins A (SEA), B (SEB), and C2 (SEC2) from fermentor-grown cultures was developed. The toxins were purified by pseudo-affinity chromatography by using the triazine textile dye "Red A" and gave overall yields of 49% (SEA), 44% (SEB), and 53% (SEC2). The purified toxins were homogeneous when analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, but isoelectric focusing of the preparations revealed the microheterogeneity associated with these toxins. The SEA and SEB preparations each consisted of two isoelectric forms with pI values of 7.3 and 6.8 (SEA) and 8.9 and 8.55 (SEB); in contrast, SEC2 contained five different isoelectric forms, with pl values ranging between 7.6 and 6.85. The pattern of elution of the isoelectric forms from the column indicated a cationic-exchange process involved in the binding of toxin to Red A. Such a method forms the basis of a high-yielding, rapid means of purifying the staphylococcal enterotoxins that can easily be adapted to large-scale production.
The staphylococcal enterotoxins, which cause staphylococcal food poisoning (27) , are a group of seven extracellular, water-soluble proteins, designated A (10), B (10), C1 (2) , C2 (2), C3 (28) , D (8) , and E (3). They are single, unbranched polypeptide chains (molecular masses, 27 to 30 kilodaltons) which are highly resistant to physical and chemical treatments (4, 18, 20) . The toxins are differentiated according to their reaction with specific antibodies, and this has led to the development of immunologically based assays (9, 17, 19, 23, 26, 30, 37, 38) . Such assays require large amounts of purified toxins not only for use as standards in the assays but also for the production of homologous antisera.
Several procedures (Table 1) have been used to purify the staphylococcal enterotoxins A (SEA), B (SEB), and C2 (SEC2). Multistep procedures such as these are time consuming, generally give low yields of toxin, and cannot easily be adapted for large-scale purification.
Recently, the purification of SEA by a method in which a single chromatography step on a dye ligand matrix was used was reported by this laboratory (29) . Dye ligand chromatography, a variant of affinity chromatography, uses synthetic textile dyes in place of a naturally immobilized ligand. These dyes frequently have no biological relation to the proteins to which they bind and are often referred to as "pseudoligands." The use of such dyes for large-scale affinity chromatography has several advantages over conventional affinity chromatography, including their ability to bind large amounts of protein and their resistance to chemical and enzymatic degradation. These properties mean that they can be used repeatedly with very little loss in binding capacity. In addition, they are relatively inexpensive. In the present study, the use of dye ligand chromatography has been extended to the purification of SEB and SEC2 and to the large-scale production of types A, B, and C2 toxins. Wisconsin, Madison, and were used for the production of toxins A and C2, respectively. S. aureus S-6 (NCTC 10657) was used for the production of enterotoxin B. The cultures were stored (in culture medium plus 50% [vol/vol] glycerol) frozen in liquid nitrogen and were maintained on nutrient agar (Oxoid Ltd.) at 4°C as described previously (29) .
MATERIALS AND METHODS

Microorganisms
Culture medium. The culture medium used for the production of the enterotoxins contained 20.0 g of Difco Proteose Peptone no. 3 (Difco Laboratories) per liter and 20.0 g of N-Z amine A (Sheffield Products) per liter. The medium was adjusted to pH 6.8 and sterilized by autoclaving (121°C for 20 min). Glucose and growth factors were added to the sterile medium as described previously (29) .
Fermentation procedure. Ten liters of culture medium was sterilized (121°C for 20 min) in a 15-liter Biostat E fermentor (B. Braun Medical Ltd.). After sterilization, the temperature of the medium was reduced to 37°C and the dissolved oxygen concentration set at 20%, to be controlled by a combination of agitation and aeration (10 liters per min) as required. Occasionally a few drops of sterile polypropylene glycol 2000 antifoam (KW-Revai Chemicals Ltd.) was manually pumped into the fermentor vessel to reduce foaming. The pH of the culture was automatically controlled at 6.8 by the addition of 2 N HCl or 2 N NaOH. For each run, the fermentor was inoculated with 1 liter of seed inoculum previously prepared in two 2-liter flasks (29) and the culture was grown for 24 h, after which it was harvested into a 10-liter glass aspirator. The bacterial cells were removed, and the culture filtrate was concentrated to 0.5 to 1 liter by cross-flow filtration with the Pellicon system (Millipore UK Ltd.) as previously described (29) . Finally, concentrated culture supernatant fluid was dialyzed overnight at 4°C against the appropriate molarity and pH of potassium phosphate buffer (Table 2) .
Dye ligand affinity chromatography. A settled volume (500 ml) of "Red A" gel (Amicon Ltd.) was washed with 8 M urea containing 0.5 M NaOH, followed by equilibration buffer as described previously (29) . The (29), and fractions containing enterotoxin were pooled. All chromatographic steps were performed at 4°C. SDS-PAGE. The purity of the enterotoxin was determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on gradient gels (PAA 4/30; Pharmacia Fine Chemicals) according to the instructions of the manufacturer (29) . The gels were scanned (Chromoscan 3; Joyce Loebl) to determine the purity of the toxin preparations.
Isoelectric focusing. The pI of the enterotoxins was determined by isoelectric focusing on Ampholine PAG plate gels (pH 3.5 to 9.5; LKB Instruments Ltd.) as previously described (29) .
RESULTS
Purification of SEA, SEB, and SEC2 by dye ligand affinity chromatography. SEA, SEB, and SEC2 were purified from fermentor-grown cultures, each by a single chromatography step on Red A. The amount of toxin per milliliter in the initial culture supernatants was 30 ,ug for SEA, 65 ,ug for SEB, and 83 ,ug for SEC2, and the overall yields of purified toxins after concentration and chromatography were 49% (SEA), 44% (SEB), and 53% (SEC2). SEA was eluted from the column as a large and small peak during the 150 mM phosphate buffer (pH 6.8) and 300 mM phosphate buffer (pH 6.8) washes, respectively ( Fig. 1) . SDS-PAGE analysis and gel scanning of the pooled fractions taken from the toxin peaks showed that the toxin was homogeneous (see Fig. 4 ), while that from the 300 mM peak was approximately 93% pure.
SEB was eluted as two peaks in the 60 mM phosphate buffer (pH 6.8; Fig. 2 ). Only the second, main peak was homogeneous (99%) by SDS-PAGE (see Fig. 4 ). The first toxin peak contained some impurities (5%) and was pooled and stored separately from the main peak.
SEC2 was eluted as a single peak with 35 mM potassium chloride in 10 mM phosphate buffer (pH 6.5; Fig. 3 ). The majority of the peak was shown to be homogeneous by SDS-PAGE (100%; Fig. 4 ), but early fractions (440 to 490) taken from the toxin peak showed slight contamination (<10% by SDS-PAGE) and were pooled and stored separately from the pure fractions.
Isoelectric forms of SEA. When SEA was examined by isoelectric focusing, the enterotoxin was shown to consist of two isoelectric forms (Fig. 5) , a major band (pl 7.3) and a minor band (pl 6.8) . Analysis of the material from both the 150 and 300 mM phosphate buffer peaks showed that they both contained similar proportions of the two isoelectric forms.
Isoelectric forms of SEB. Generally, when material from the second peak of SEB was examined by isoelectric focusing, the enterotoxin was shown to consist of two isoelectric forms with pI values of 8.9 and 8.55 (Fig. 6 ). Material taken from the beginning of the toxin peak contained a major isoelectric form which focused at pH 8.9 and a minor band which focused at pH 8.55. Although analysis of fractions taken later in the toxin peak showed the presence of both isoelectric forms, the relative proportion of component 8.55 had increased compared with earlier fractions. Two other very minor forms having pl values of 9.1 and 9.2 sometimes were present in material at the end of the peak (data not presented).
Isoelectric forms of SEC2. Material taken from the SEC2 peak which had previously been shown to be homogeneous by SDS-PAGE contained at least five different components, with pI values ranging between 7.6 and 6.85 (Fig. 7) . Fractions taken from the early part of this peak contained a major band with a pl value of 6.85 and a minor band with a pl value of 7.1. In addition to these two forms, fractions from the middle of the peak contained two other major forms with pl values of 7.45 and 7.55, and a minor form which focused at pI 6.9. Analyses of fractions taken from the end of the toxin peak demonstrated the presence of all of these bands, with component 7.45 as the r!iajor form.
DISCUSSION
The use of single-step dye ligand chromatography, previously described for the purification of SEA (29) , has now been used to obtain SEB and SEC2 of a high degree of purity (>99%), with a final overall yield in excess of 43%.
Before beginning the purification process, it is necessary to reduce the volume of the crude toxin-containing supernatant. Dialysis against Carbowax (12) is not practical for large volumes, and acid precipitation is also impractical because the acid may denature the toxin (5). Batch adsorption of the toxin onto an ion-exchange resin, followed by transfer to a chromatography column for elution (34, 35) , is widely used, although it is necessary to dilute the culture supernatant to lower its ionic strength (6) , thus increasing the already large volumes. In this laboratory, enterotoxins are routinely purified from up to 30 liters of culture supernatant fluid by using tangential flow filtration to concentrate the fluid, which allows large volumes of culture to be processed rapidly and efficiently with a minimum of inconvenience. The major advantage of this purification procedure is that it can be used for the purification of all three toxins with only a slight variation in the buffers used. Initial small-scale studies using phosphate buffer containing different concentrations of KCl to elute SEC2 from the dye ligand were successfully transcribed to larger-scale operations. We have no reason to suppose that SEC2 would not be eluted at higher phosphate ion concentrations, but this has not been investigated. The dye ligands are readily available and relatively inexpensive; they generally have high protein-binding capacities and are resistant to chemical and enzymatic degradation, thus enabling them to be reused many times.
A number of theories for the binding of dye ligands to proteins in general have been suggested. One such possibility is that the chromophore moiety of the dye molecule is structurally analagous to the natural biological binding site of the protein, and it is this that is responsible for the specific interactions (7, 13, 22) . Edwards and Woody (15) proposed that since the dyes were aromatic compounds, as such they could be capable of binding proteins which possess a hydrophobic pocket in their surface structure. Another theory suggests that the specificity of the dye-protein interaction depends primarily on hydrophobic interactions, whereas electrostatic forces contribute to the stability of the complex (21) . The present data suggest that the binding of the staphylococcal enterotoxins to Red A is likely to be due to cation exchange, because the pH of the buffer in which the toxin binds is lower than the isoelectric points of the toxins eluted from the column. If the pH of the binding buffer is increased above the pI of the toxins, they do not bind. If more specific interactions were involved, one would expect the ligand-toxin complex to remain stable over a range of pH values. The sulfonic acid residues found in the Procion Red HE-3B molecule (Fig. 8) may enable the Red A to act as a weak cation exchanger. This mechanism can also be seen in the binding of muscle pyruvate kinase to Cibacron Blue F3G-A and Procion Red HE-3B (21) .
Isoelectric focusing of the enterotoxins purified by Red A revealed the microheterogeneity in the toxin preparations that has already been reported by several other groups (11, 14, 16, 24, 29, 31, 34, 36) . By this method, SEA had pl values of 7.3 and 6.8, which have also been observed by Robern (24, 36) observed by other workers, the more basic forms of 9.4, 9.56, and 9.6 observed by the same workers were not present in the preparations described here.
The microheterogeneity of SEC2 observed by Dickie et al. (14) In general, the profiles of the different isoelectric forms of the toxins eluted from the dye ligand column are consistent with the separation being a cationic-exchange process. However, the vastly increased purity of the enterotoxin preparations after one chromatographic step on Red A compared with an identical step on carboxymethyl (CM)-cellulose indicates that a mixture of interactions may be involved. Slight differences in the isoelectric points of the different forms observed between laboratories can be explained by differences in the isoelectric focusing methods used together with differences in the handling of the toxins and the running conditions used. For example, temperature and pH have both been shown to be important in the conversion of isoelectric forms of these toxins (36) . However, the absence of any of the highly basic forms of the enterotoxins is difficult to explain. It is perhaps noteworthy that toxin production in this work was by fermentation and not shake-flask culture, as in most other reports, and that the profile of isoelectric forms may differ between the two systems. Indeed Metzger et al. (25) demonstrated that the basic forms of SEC2 disappeared after continued fermentation of the toxin-producing strain for 72 h. These authors postulated that the conversion of basic to acidic forms was related to the production of a bacterial deamidase during fermentation, since the same conversion could not be repeated after alkaline treatment of the purified toxin.
The purification of SEA, SEB, and SEC2 by the method reported here is a simple alternative to currently used procedures. The use of one chromatographic step on Red A for the purification of all three toxins (under slightly different conditions), together with its use in large-scale and smallscale purification, is a choice rarely found elsewhere. Recent work indicates that this purification procedure can be scaled up even further; indeed, as much as 0.8 g of SEA has been purified from a single 30- 
